**Dedicated to:** the memory of Prof. Dr. Dr. Herbert de Groot who died unexpectedly and much too early on May 10, 2016.

Introduction {#j_iss-2018-0035_s_001}
============

Mesenteric ischemia (MESI) is a rare complication in patients after cardiac surgery, with an incidence of 0.1--0.5% and high mortality rates between 60% and 100% \[[@j_iss-2018-0035_ref_001]\], \[[@j_iss-2018-0035_ref_002]\], \[[@j_iss-2018-0035_ref_003]\].

The pathophysiological mechanisms for MESI after cardiac surgery are multimodal. It is well known that cardiopulmonary bypass (CPB) causes systemic inflammation \[[@j_iss-2018-0035_ref_004]\], reduction of intestinal perfusion \[[@j_iss-2018-0035_ref_005]\], microcirculatory alterations, loss of intestinal barrier function \[[@j_iss-2018-0035_ref_006]\], and hemolysis \[[@j_iss-2018-0035_ref_007]\]. However, postoperatively low cardiac output, intravascular volume deficiency, and the need for vasopressors restrict mesenteric perfusion. Unfortunately, mesenteric malperfusion itself is a trigger of all the above-mentioned factors, resulting in a *circulus vitiosus* process.

The diagnosis of MESI after cardiac surgery is difficult in the setting of mostly sedated, intubated patients, with low cardiac output, systemic inflammatory response syndrome, need for vasopressors, and usually many differential diagnoses for acute abdomen. Early diagnosis and surgical treatment have been suggested to be the only beneficial factors for the prognosis of these patients \[[@j_iss-2018-0035_ref_002], [@j_iss-2018-0035_ref_008], [@j_iss-2018-0035_ref_009]\]. Recent publications indicated that different biomarkers have some impact on the detection of MESI \[[@j_iss-2018-0035_ref_010]\], \[[@j_iss-2018-0035_ref_011]\], \[[@j_iss-2018-0035_ref_012]\]. Indeed, α-glutathione-S-transferase (αGST), intestinal fatty-acid-binding protein 2 (iFABP-2), and D-lactate are the most promising biomarkers for the early and accurate detection of MESI. These biomarkers are explained in detail below.

First, the GSTs are a family of enzymes involved in the detoxification of a range of toxic and foreign compounds within the cell by conjugation to glutathione, although different isoforms exist, such as α, π, θ, and μ, which are distributed in relatively specific organs \[[@j_iss-2018-0035_ref_013]\]. For example, αGST is a unique biomarker for hepatic and intestinal injuries.

Second, FABPs display a high affinity for long-chain fatty acids and seem to function in metabolism and intracellular transport of lipids. Three distinct FABPs are known: liver FABP, iFABP, and ileal lipid binding protein distributed proximally to distally in the intestine. The iFABP is detectable along the entire length of the small intestine and is maximally represented near the medial segment \[[@j_iss-2018-0035_ref_014]\].

Finally, D-lactate and L-lactate result from the reduction of pyruvate by D- and L-lactate dehydrogenases, respectively. These enzymes uniquely exist in bacteria or mammals, respectively. Therefore, the quantification of D-lactate has been revealed as a marker for bacterial translocation, which follows intestinal or colonic mucosal injury caused by ischemia or other reasons \[[@j_iss-2018-0035_ref_015]\].

Therefore, the aims of this study were (i) to quantify and monitor in a time-dependent manner these markers in patients after cardiac surgery and (ii) to evaluate their potential in identifying patients at a risk for MESI.

Methods {#j_iss-2018-0035_s_002}
=======

Patient population and characteristics {#j_iss-2018-0035_s_002_s_001}
--------------------------------------

Between March and October 2012, a total of 567 elective consecutive cardiac surgery patients were included in this study. Institutional Ethics Committee review and approval for this prospective study were obtained (12-5066-BO), and patients gave written informed consent. Patient-specific parameters were stored anonymized in a project-specific internal database. The mean age was 67±12 years, and 393/567 (69%) of the patients were male. Of the 567 patients, 495 (87.3%) were operated using CPB. The procedures performed with and without CPB, and the comorbidities are listed in [Table 1](#j_iss-2018-0035_tab_001){ref-type="table"}.

###### 

Procedures and comorbidities of patients operated with and without cardiopulmonary bypass (CPB), coronary artery bypass grafting (CABG), aortic valve repair/replacement (AVR), mitral valve repair/replacement (MVR), ventricular assist device (VAD), off-pump coronary artery bypass grafting (OPCAB), transcatheter aortic valve replacement (TAVR), arterial hypertonus (aHTN), diabetes mellitus (DM), chronic obstructive pulmonary disease (COPD), and chronic atrial fibrillation (Chron. aFib).

  Operative procedures and comorbidities   Number (%), 567 (100)   
  ---------------------------------------- ----------------------- --------
  With CPB                                                         
                                           495                     (87.3)
   AVR                                     35                      (6.2)
   CABG                                    242                     (42.7)
   MVR                                     25                      (4.4)
   Aortic                                  21                      (3.7)
   Combination                             154                     (27.2)
   VAD/transplant                          16                      (2.8)
   Others                                  12                      (2.1)
  Without CBP                                                      
                                           72                      (12.7)
   OPCAB                                   5                       (0.9)
   TAVR                                    40                      (7.1)
   Others                                  17                      (3.0)
  Comorbidities                                                    
   aHTN                                    483                     (85.2)
   DM                                      162                     (28.6)
   COPD                                    152                     (26.8)
   Active smoking                          107                     (18.9)
   pAVD                                    94                      (16.6)
   BMI \>30                                150                     (26.5)
   NYHA ≥3                                 458                     (80.8)
   Chron. aFib                             87                      (15.3)
   Previous stroke                         64                      (11.3)
   Dialysis                                32                      (5.6)

BMI, body mass index; NYHA, New York Heart Association; pAVD, peripheral arterial vascular disease.

Study protocol and analyzed serum samples {#j_iss-2018-0035_s_002_s_002}
-----------------------------------------

The remaining volume of all routinely taken blood samples in the intensive care unit (ICU) from all included cardiac surgery patients was aliquoted and stored at −80 °C directly after measurement of the routine parameters, which avoided the need for additional blood sampling in the interest of the patient. Patients were routinely treated according to the internal ICU protocols. Due to the high technical effort and considerable costs for the enzyme-linked immunosorbent assay (ELISA) and enzyme assays, αGST, iFABP-2, and D-lactate were measured retrospectively at the end of the study period in all available blood samples taken 1, 24, and 48 h after the cardiac surgery. In patients with laparotomy blood samples obtained 72, 48, 24, and 12 h before laparotomy, the markers were additionally measured retrospectively. Patients with laparotomy with and without MESI were compared to all other patients, defined as the control group.

In 57/567 (10%) patients, no serum samples were taken within the first postoperative hour; 65/567 patients were discharged from the ICU within the first 24 h, and 254/567 (45%) patients within the first 48 h. Serum samples taken 1, 24, and 48 h after cardiac surgery in 510 (90%), 502 (89%), and 313 (55%) patients, respectively, and up to 72 h before laparotomy in 18 patients were analyzed.

Biomarkers {#j_iss-2018-0035_s_002_s_003}
----------

The serum concentrations of iFABP-2 and αGST were analyzed using a commercially available ELISA kit (iFABP-2: Hölzel-Biotech, Köln, Germany; αGST: Otto Nordwald GmbH, Hamburg, Germany) according to the manufacturer's recommendations. D-lactate was measured by a colorimetric enzyme assay (BioCat Biovision, Heidelberg, Germany) according to the manufacturer's recommendations.

Data analysis and statistics {#j_iss-2018-0035_s_002_s_004}
----------------------------

Data were collected prospectively and analyzed retrospectively. Statistical analysis and figures were done using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla, CA, USA) and Stata statistical software (version 11.2; StataCorp, College Station, TX, USA). Due to the small group size, continuous variables were compared by the Wilcoxon signed-rank test or t-test, with the α level set at 0.05 for statistical significance.

Results {#j_iss-2018-0035_s_003}
=======

MESI after cardiac surgery is associated with high mortality {#j_iss-2018-0035_s_003_s_001}
------------------------------------------------------------

Laparotomy due to expected MESI or clinical signs of an acute abdomen was performed in 18/567 (3.2%) patients after 11±7 days of cardiac surgery. The indication for laparotomy was primarily given based on clinical signs of an acute abdomen, continuous hyperlactatemia, or increasing need for vasopressors. Additional computed tomography imaging without evidence of any occlusive mesenteric malperfusion was performed in 7/18 patients. Angiography was performed in one patient. In 9/18 (50%) patients, MESI was found in the ischemic mesenteric segment. The sigma and colon were affected in 7/9 (78%) cases, and the small intestine in 2/9 (22%) cases. Histology revealed transmural necrosis in 5/9 (56%) patients and submucosal necrosis in 4/9 (44%) patients. In patients without resection, no abdominal pathology was found in 5/9 (56%) cases, paralytic ileus in 2/9 (22%) cases, as well as one obscure non-necrotic small intestine perforation and one necrotic gallbladder. Mortality occurred in 8/9 (89%) patients in the laparotomy group with MESI and in 6/9 (67%) patients in the laparotomy group without MESI.

Patients with laparotomy during the postoperative course were found to have significantly more cardiovascular risk factors with a higher rate of diabetes (61% vs. 27%, p=0.002), more smoking (50% vs. 18%, p\<0.001), and more peripheral artery disease (61% vs. 15%, p\<0.001). Furthermore, patients with laparotomy during the postoperative course had longer bypass times (151±74 vs. 120±55 min, p=0.023) with CPB time \>150 min in 67% vs 21% of the patients (p\<0.001). The rate of patients with need for inotropic support already before cardiac surgery was higher in the laparotomy group (38.9% vs. 3.5%, p\<0.001). Also, postoperative atrial fibrillation (12% vs. 28%, p=0.043) and heart failure (8.6% vs. 39%, p\<0.001) were more frequent in patients requiring laparotomy later. Laparotomy patients demonstrated significantly higher gastrointestinal complication scores (GICS) (12.97 vs. 3.13, p\<0.001) and EuroSCORE II scores (30.75 vs. 6.6, p\<0.001).

Markers after cardiac surgery and before laparotomy {#j_iss-2018-0035_s_003_s_002}
---------------------------------------------------

Within the first 48 h after cardiac surgery, significantly higher αGST and D-lactate serum concentrations were found in patients with laparotomy compared to patients without laparotomy. The iFABP serum concentration was significantly lower in the laparotomy group 1 h after cardiac surgery.

Comparing laparotomy patients with and without MESI up to 3 days before laparotomy, no significant differences between these two groups were found for αGST and D-lactate, but the iFABP-2 levels were significant lower in the MESI group.

High αGST levels are associated with laparotomy {#j_iss-2018-0035_s_003_s_003}
-----------------------------------------------

Already 1 h after cardiac operation, nearly 10-fold higher αGST concentrations were found in the serum of patients needing a laparotomy 11±7 days later compared to patients without laparotomy. After 24 h, the αGST concentrations in the laparotomy group were \>25-fold higher compared to the control group and remained significantly higher after 48 h ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 1A](#j_iss-2018-0035_fig_001){ref-type="fig"}). However, the differences in αGST serum concentration between the laparotomy patients with and without MESI were not significant within 48 h after cardiac surgery ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 2A](#j_iss-2018-0035_fig_002){ref-type="fig"}). Up to 3 days before laparotomy, the αGST levels in MESI and non-MESI patients did not differ significantly but were even lower than the initial postoperative levels of the control group ([Table 3](#j_iss-2018-0035_tab_003){ref-type="table"}, [Figure 2A](#j_iss-2018-0035_fig_002){ref-type="fig"}).

###### 

Mean values±standard deviation (SD) of αGST, D-lactate, and iFABP 1, 24, and 48 h after cardiac surgery for the control group and laparotomy group with subgroup analysis for MESI and non-MESI patients.

                        Control, mean±SD (n)   Laparotomy, mean±SD (n)   p-Value   MESI, mean±SD (n)   Non-MESI, mean±SD (n)   p-Value
  --------------------- ---------------------- ------------------------- --------- ------------------- ----------------------- ---------
  αGST (μg/L)                                                                                                                  
   1 h                  82±126 (492)           727±1382 (18)             \<0.01    280±245 (9)         1173±1884 (9)           0.35
   24 h                 73±167 (484)           4549±9889 (18)            \<0.01    3741±8542 (9)       1459±3013 (9)           0.63
   48 h                 83±153 (295)           2300±5895 (18)            \<0.01    1010±1710 (9)       3204 ±8282 (9)          0.63
  D-lactate (nmol/mL)                                                                                                          
   1 h                  25.1±20.1 (492)        37.1±17.9 (18)            \<0.01    36.3±20.8 (9)       37.8±15.9 (9)           0.51
   24 h                 23.2± 21.1 (484)       52.2±40.5 (18)            \<0.01    58.7±40.9 (9)       45.7±41.4 (9)           0.23
   48 h                 24.8±23.6 (295)        58.7±54.3 (18)            \<0.01    56.3±44.6 (9)       61.1±65.2 (9)           0.69
  iFABP (ng/mL)                                                                                                                
   1 h                  4.05±4.04 (492)        1.04±0.91 (18)            \<0.01    0.78±0.71 (9)       1.30±1.05 (9)           0.29
   24 h                 3.42±4.95 (484)        2.03±1.86 (18)            0.38      1.15±1.30 (9)       2.90±1.99 (9)           0.04
   48 h                 4.28±6.12 (295)        2.88±2.66 (18)            0.95      1.89±1.78 (9)       3.87±3.11 (9)           0.12

![Already 1 h after cardiac surgery and 24 and 48 h thereafter, the serum concentrations of D-lactate and αGST in patients undergoing laparotomy were increased compared to the control group.\
Timeline of αGST (A), D-lactate (B), and iFABP (C) mean serum concentrations and 95% confidence interval (CI) at 1, 24, and 48 h after cardiac surgery for the control group and the laparotomy group.](iss-3-20180035-g001){#j_iss-2018-0035_fig_001}

![Comparing laparotomy patients with and without MESI up to 3 days before laparotomy, no significant differences between these two groups were found for αGST and D-lactate, but the iFABP-2 levels were significant lower in the MESI group.\
Timeline of αGST (A), D-lactate (B), and iFABP (C) mean serum concentrations and 95% CI at 1, 24, and 48 h after cardiac surgery for the control, MESI, and non-MESI group at 1, 24, and 48 h after cardiac surgery and 72, 48, 24, and 12 h before laparotomy.](iss-3-20180035-g002){#j_iss-2018-0035_fig_002}

###### 

Mean serum concentration±SD of αGST, D-lactate, and iFABP 72, 48, 24, and 12 h before laparotomy for MESI and non-MESI patients. One patient underwent laparotomy 48 h after cardiac surgery.

                        MESI, mean±SD (n)   Non-MESI, mean±SD (n)   p-Value
  --------------------- ------------------- ----------------------- ---------
  αGST (μg/L)                                                       
   −72 h                35.8±82.4 (8)       22.6±29.1 (8)           0.40
   −48 h                12.3±20.6 (8)       52.1±79.8 (8)           0.29
   −24 h                28.6±30.9 (9)       70.6±100.5 (9)          0.55
   −12 h                16.3±21.6 (9)       55.4±96.7 (9)           0.77
  D-lactate (nmol/mL)                                               
   −72 h                24.1±9.5 (8)        24.9±9.6 (8)            0.83
   −48 h                23.3±4.7 (8)        38.1±30.9 (8)           0.34
   −24 h                25.9±9.8 (9)        36.4±19.9 (9)           0.09
   −12 h                40.6±41.8 (9)       35.4±17.1 (9)           0.63
  iFABP (ng/mL)                                                     
   −72 h                0.56±0.72 (8)       2.51±1.96 (8)           0.01
   −48 h                0.58±1.02 (8)       2.79±1.57 (8)           0.01
   −24 h                0.76±0.78 (9)       3.57±1.77 (9)           \<0.01
   −12 h                0.78±1.04 (9)       3.50±2.17 (9)           0.01

High D-lactate levels are associated with laparotomy {#j_iss-2018-0035_s_003_s_004}
----------------------------------------------------

Significantly higher D-lactate concentrations were found in the laparotomy group compared to patients without laparotomy 1 h after cardiac surgery. Within the next 48 h, these differences amplified and D-lactate levels were more than twice as high in the laparotomy group ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 1B](#j_iss-2018-0035_fig_001){ref-type="fig"}). No significant differences between the laparotomy patients with and without MESI were found within the first 48 h after cardiac surgery ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 2B](#j_iss-2018-0035_fig_002){ref-type="fig"}). Before laparotomy, no significant differences between laparotomy patients with and without MESI were found. The measured D-lactate levels 72, 48, 24, and 12 h before laparotomy were comparable to the levels measured in the control group after cardiac surgery ([Table 3](#j_iss-2018-0035_tab_003){ref-type="table"}, [Figure 2B](#j_iss-2018-0035_fig_002){ref-type="fig"}).

Low iFABP levels are associated with MESI {#j_iss-2018-0035_s_003_s_005}
-----------------------------------------

Only 1 h after cardiac surgery, serum iFABP concentrations between laparotomy and non-laparotomy patients differed significantly. The iFABP concentrations were lower by a factor of 4 in the laparotomy group. Within the next 48 h, the iFABP concentrations remained lower in the laparotomy group, but not significantly ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 1C](#j_iss-2018-0035_fig_001){ref-type="fig"}). Laparotomy patients with and without MESI both had similarly low iFABP-2 serum concentrations 1 h after cardiac surgery. After 24 h, MESI patients had significantly lower iFABP serum concentrations. However, the iFABP-2 levels of laparotomy patients without MESI were similar to those of patients without laparotomy after 24 and 48 h ([Table 2](#j_iss-2018-0035_tab_002){ref-type="table"}, [Figure 2C](#j_iss-2018-0035_fig_002){ref-type="fig"}). Before laparotomy, significant differences between laparotomy patients with and without MESI were found. Already 72 h before laparotomy, MESI patients had significantly lower iFABP-2 levels compared to laparotomy patients without MESI. These differences remained significant 48, 24, and 12 h before laparotomy ([Table 3](#j_iss-2018-0035_tab_003){ref-type="table"}, [Figure 2C](#j_iss-2018-0035_fig_002){ref-type="fig"}).

Discussion {#j_iss-2018-0035_s_004}
==========

The incidence of MESI after cardiac surgery in the literature varies. In a review with 35 included papers and a total of 151,652 patients, Rodriguez et al. calculated an incidence of 0.16% with 58% mortality \[[@j_iss-2018-0035_ref_001]\]. Pang et al. described an even higher incidence (0.31%) and mortality (71%) \[[@j_iss-2018-0035_ref_002]\], and retrospective autopsy studies found MESI in 0.49% of the patients, responsible for 11% of all postoperative deaths \[[@j_iss-2018-0035_ref_003]\]. Interestingly, 96% of these had a non-occlusive MESI (NOMI), which is interesting regarding the definition and therapy of MESI, which will be addressed later. Our high laparotomy and MESI rate of 1.6% might be the result of a bias during the study period; however, it reflects the severely ill patient population with a mean EuroSCORE I of 11±14%. According to the GICS model introduced by Nilsson et al. \[[@j_iss-2018-0035_ref_016]\], the expected MESI rate in our patient population is \>1.9%, emphasizing the accuracy of the suggested score and the frailty of the observed patient cohort.

In the setting of cardiac and aortic surgery, some studies focused on αGST, D-lactate, and iFABP, and their elevation during operations with and without CPB \[[@j_iss-2018-0035_ref_017]\], \[[@j_iss-2018-0035_ref_018]\], \[[@j_iss-2018-0035_ref_019]\]. On-pump coronary artery bypass grafting (CABG) patients showed significantly higher serum αGST levels at the end of surgery (10 μg/L) compared to off-pump CABG patients (4 μg/mL), normalizing 24 h after surgery \[[@j_iss-2018-0035_ref_017]\]. Although the reported mean values are low compared to our total control group, they are similar to the mean values of an uncomplicated CABG subgroup (6 μg/mL), demonstrating the general impact of CPB on mesenteric perfusion and intestinal barrier function. In another study focusing on intestinal barrier function, Sun et al. found the highest D-lactate concentration (11 nmol/mL) 2 h postoperatively and the highest iFABP concentration (1.4 ng/mL) 6 h postoperatively in aortic valve repair/replacement patients. Both findings and values are conclusive with the results of our control group, again emphasizing damage and loss of intestinal barrier function during any operation using CPB. Also, in patients operated for abdominal aortic aneurysm (AAA), elevated D-lactate levels (33 vs. 11 nmol/mL \[[@j_iss-2018-0035_ref_020]\]) were found in patients with histologically diagnosed ischemic colitis 24 and 48 h after open aortic reconstruction. Patients with a fatal intestinal necrosis after AAA repair had increased iFABP levels (0.6 vs. 4 ng/mL) early postoperatively and decreased concentrations on postoperative days 3 and 4 \[[@j_iss-2018-0035_ref_021]\].

D-lactate and αGST showed no differences between patients with and without MESI, neither 72, 48, 24, or 12 h before laparotomy nor early after cardiac surgery. However, both markers were significantly increased in the laparotomy group within the first 2 days after cardiac surgery, suggesting a pathologic gastrointestinal process 11±7 days before clinical signs or imaging indicated laparotomy.

Interestingly, in our study, iFABP-2 was decreased in the laparotomy group compared to the control group early after cardiac surgery and increased again within the next 48 h, although the iFABP-2 concentration remained significantly lower in the MESI subgroup compared to the non-MESI subgroup. Before laparotomy, MESI patients had significantly lower iFABP-2 levels compared to non-MESI patients. These findings might be explained by our definition of MESI, which was a necrotic intestine diagnosed by laparotomy. In a human model, Schellekens et al. demonstrated the reduction of tissue and serum iFABP-2 within 120 min reperfusion after up to 60 min ischemia by subtotal destruction of the intestinal enterocytes and villus structures \[[@j_iss-2018-0035_ref_022]\]. In histology of the resected intestinal segments in our study, transmural necrosis was found in 5/9 patients, and submucosal necrosis in 4/9 patients. In all specimens, no mucosa that could have released iFABP-2 was found.

The definition of MESI as intestinal ischemia treated by laparotomy and resection is unambiguous and used in most retrospective studies. However, it does not reflect the dynamics of this disease and its pathomechanism, which is non-occlusive (NOMI) in 95% \[[@j_iss-2018-0035_ref_003]\] with an incidence after cardiac surgery of up to 10% \[[@j_iss-2018-0035_ref_023]\]. We assume an even higher rate of mild and non-apparent MESI after most cardiac operations, demonstrated by elevated markers after CPB in all studies including ours. αGST and D-lactate seem to be suitable markers for early detection of gastrointestinal complications after cardiac surgery, and iFABP-2 could help differentiate patients with ischemia. Especially in high-risk patients with CPB times \>150 min, pre- and postoperative need for inotropic support, atrial fibrillation, and high GICS and EuroSCORE, these markers might be used for differentiation. Nevertheless, resection of necrotic tissue is only damage control, and the benefit of a very early resection is questionable. Accepting the pathologic mechanism and the dynamic character, new therapeutic and protective approaches are required. Substances like glycine \[[@j_iss-2018-0035_ref_024], [@j_iss-2018-0035_ref_025]\] and pyruvate \[[@j_iss-2018-0035_ref_026]\] demonstrated protective effects in MESI models in rats. The evaluated markers could not only be useful for early detection of patients with MESI, but also represent a new routine for evaluation of protective effects of different substances or conditioning maneuvers in further clinical studies.

Supporting Information {#j_iss-2018-0035_s_005}
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